Using a plate induction assay, we demonstrate that alfalfa exudes inducer of Rhizobium meliloti nodulation genes. The inducer is exuded from the infectible zone of the root, accumulates to at least 1 micromolar, and is not affected by 10 millimolar nitrate. No zones of inhibition are observed. A nodulation minus mutant line of alfalfa, MN-1008, exudes normal levels of inducer. R. meliloti grown in rich medium requires tenfold higher concentrations of luteolin to achieve half-maximal induction as compared to cells grown in a minimal medium. Flavonoids other than luteolin are found to have activity in R. meliloti nodulation gene induction assays. The compounds apigenin and eriodictyol have activities two-fifths and one-seventh that of luteolin, respectively. Several of the flavonoids tested (morin = naringenin > kaempferol = chrysin > quercetin = fisetin = hesperitin) demonstrate antagonistic activity toward induction by luteolin. The most effective antagonist is the coumarin, umbelliferone.
Rhizobium bacteria form symbiotic nitrogen-fixing nodules with host legumes. During the establishment of the symbiosis, the first signal is the induction of Rhizobium nodulation genes by compounds exuded from the host (7, 13, 21) . In the four pairs of symbionts studied so far, the inducing compounds have been identified as plant flavonoids, but the specific flavonoid is different for each symbiotic pair. For three symbiotic pairs, the inducing compounds were isolated from plant exudates and identified as luteolin for alfalfa-R. meliloti (16) , 4',7-dihydroxyflavone for clover-R. trifolii (18) , and daidzein and genistein for soybeanBradyrhizobium japonicum (10) . By trying various flavonoids, eriodictyol and hesperitin were found to best induce the nodulation genes of R. leguminosarum, which forms nodules on pea and Vicia sativa (5, 25) . The specificity of response to different flavonoids correlates with the source of Rhizobium nodD gene and in some cases determines host range (6, 22) . In this report, we further document the structural requirements for effective nodulation gene induction in the alfalfa-R. meliloti symbiosis, and we identify compounds that antagonize induction by luteolin. The nutritional state of the plant and the developmental state of the root affect the plant's response to Rhizobium. In alfalfa, nitrate reduces the number of root hairs, the number of curled root hairs, and the number of nodules (14) . The reduced ' This work was supported by a National Science Foundation Presidential Young Investigator award to S. R. L. and by matching funds from the Agrigenetics Corporation. N rate of nodule formation is apparently controlled by the plant, as shown by the existence of plant mutants that form high numbers of nodules in the presence of nitrate (3, 8) . The nutritional state of the Rhizobium may also modify its response to plant signal. How the initial signaling or subsequent interactions of plant and bacterium mediate this nitrate effect is therefore of interest. We report that growth of Rhizobium in a rich medium makes them less responsive to inducer, although nitrate does not affect the level of signal produced by the plant. To investigate the developmental aspects of signaling, we use an in vivo plate induction assay similar to that of Djordjevic et al. (4) and demonstrate that exudation of inducer is restricted to the infectible zone of the root. Inducer exudation is thus a developmental marker for the root zone that is competent to form nodules.
MATERIALS AND METHODS Bacterial and Plant Material. Rhizobium meliloti 1021 (pRmM57) is a wild type strain that contains a plasmid-borne nodC-lacZ fusion and a copy of nodD, (13) . Alfalfa (Medicago sativa) seeds, cv AS-1 3R, were from Ferry-Morse. Alfalfa nodulation mutant, MN-1008 (17), was obtained from Dr. Donald Barnes, University of Minnesota.
Plate induction assays. This assay is a modification of the assay procedure of Djordjevic et al. (4) . Alfalfa seeds were sterilized in 70% ethanol for 1 h followed by 1 h in undiluted bleach, washed with several changes of sterile distilled water, and allowed to imbibe overnight. The seeds were germinated for 2 d on Petri plates containing Jensen's medium (24)/1 % agar with or without 10 mm KNO3. The seedlings were allowed to grow for a 3rd d on fresh plates and then were transferred to plates with a fresh bacterial lawn of strain 102 1(pRmM57).
To prepare plates with bacterial lawns, strain 102 1(pRmM57) was grown in TY (1) Figure 1C . First, exudation of inducer was developmentally regulated. Induction was seen only around that part of the alfalfa root that is maximally receptive to Rhizobium infection (2) . The Figure 3 , and results are given in flavones and flavanones. Apigenin and eriodictyol had 10-and 3-fold inducing activity, respectively, while all other compounds tested had less than 2-fold inducing activity. Compounds tested for inducing activity were also assayed for their ability to antagonize induction by 1 no inducing activity. At equimolar concentrations, luteolin induction was reduced from 14-fold to less than 2-fold, and at 10-fold molar excess of umbelliferone, induction was abolished.
To characterize further the antagonistic activity of one inducing compound, a more detailed study of the antagonistic character of quercetin was undertaken (Fig. 4) . Quercetin was chosen because it differs from luteolin by addition of a single hydroxyl group (see Fig. 3 ) and has antagonistic activity but no inducing activity. Assays of concentration dependence of induction for luteolin were repeated in the presence of various concentrations ofquercetin (Fig. 4) . This (20) . In our induction assays, using the nodC-lacZ fusion, we believe that we are studying the specificity of nodD, since nodD, is on the multicopy plasmid carrying the fusion and is thus expressed at about 16-fold higher than normal levels (13) .
Testing the inducing or antagonistic activities of a variety of compounds defines how each NodD interacts with flavonoids and other phenolic molecules. The data presented in Table I further document and expand the structural requirements for inducing activity for the R. meliloti nodD, gene as previously established by Peters et al. ( 16) . Simply, any alteration or modification of the structure of luteolin reduces or abolishes activity. Addition of hydroxyl groups at the 2' position (see morin) or 3' position (see quercetin), removal of the 3' and/or 4' hydroxyl group (see apigenin and chrysin), or saturation of the C2-C3 bond (see eriodictyol) reduces or abolishes activity of the molecule.
Failure of a compound to induce nodulation gene expression is not necessarily a failure to interact with NodD since several compounds, such as morin, chrysin, quercetin, fisetin, myrecetin, kampferol, and umbelliferone, have no inducing activity but can antagonize induction by luteolin. A common feature of these compounds as well as all inducing compounds is a heterocyclic double ring system with a hydroxyl group at the 7 position. The importance of the 7 hydroxyl substitution is illustrated by umbelliferone and coumarin. Umbelliferone has the 7 hydroxyl substitution and is antagonistic, whereas coumarin does not have the hydroxyl substitution and is not antagonistic (see Fig. 3 ). Other researchers have found 7 hydroxylation to be important in their studies on inducing and antagonizing activities (4, 22, 25) .
A net positive interaction between the phenolic compounds in the root exudate and NodD is crucial for efficient nodulation to occur. Kapulnik et aL (9) have shown that nodule formation can be flavone limited by demonstrating that addition of 10 ,uM luteolin to a nodulation assay can double the number of nodules formed. Not only must nodulation gene-inducing compounds be present, but antagonistic compounds cannot be present in concentrations sufficient to prevent induction. Umbelliferone, a good antagonist to induction in both R. meliloti and R. trifolii, has been isolated from roots of host plants (15) . Though we find no indication ofinhibition using the plate induction assay, others (4, 5) have found compounds or fractions from exudates that did inhibit induction. Thus, it is important to understand the synthesis and exudation ofboth inducing and inhibitory compounds in the developing root.
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